INTRODUCTION
Shape memory alloy (SMA) exhibit unique remarkable properties such as high force to weight ratio, high strain capability, corrosion resistance, light weight, large electrical resistivity, good ductility and long fatigue life. These inherent properties have enabled SMA to be used as actuator. To meet the demanding applications of miniature robotic manipulations, many unconventional actuators have been developed. They include thermal [1-2], pneumatic [3] , ionic polymer metal composite [4] , piezoelectric [5] , magnetic [6] and SMA [7] [8] [9] [10] [11] [12] actuators.
SMA can be electrically activated; thereby as an actuator it replaces motors and solenoids. It provides potentially simple, silent and smooth operation and auto sensing (self-sensing) ability. SMA as a linear element (a wire) determines its pre-determined shape when transformed from a pre stretched low temperature martensite state to a higher temperature austenite state by which it provides controlled action that can be utilized to generate mechanical work. For repetitive and desired actuation, the SMA element needs to be properly biased at the end of each heating-cooling actuation cycle. One type of configuration is a bias type actuator that uses SMA along with a bias element (spring). Another type is to use two SMA wires connected antagonistically in which one wire is heated while the other is cooled.
In the former there is no active control of movement when the SMA is naturally cooled.
Hence better controllability and response can be obtained from antagonistic configuration in comparison with the bias spring configuration. Tracking control is indispensable in many applications such as vibration control, robotic applications and so on. As a result of hysteresis, an inherent nonlinear behavior is associated with SMAs and that's why tracking control of SMA actuators has become an interesting task. Variety of models has been developed for SMA actuators. Literature review finds the use of SMA actuators for tracking control system using the model of Brinson et al. in [13] . SMA actuators for position control system using self-tuning fuzzy PID controller for a single SMA wire is reported in [14] . Lately, Tabrizi et al. have presented a nonlinear position control of antagonistic shape memory alloy actuators which uses a constitutive model, phase transformation model and a heat transfer model [15] . This work is from the motivation in the use of low degree-of-freedom robots to perform intricate manipulation, the academic interest to understand the simplest mechanisms capable of performing a given mission and the economic motive to build simpler and cheaper robots.
Simple robots employing dynamic non-prehensile manipulation may be especially effective in industrial parts feeding or in space, where dynamic effects dominate. To demonstrate this, the design and implementation of self-tuning fuzzy PID control of antagonistically connected D Josephine Selvarani Ruth, S Sunjai Nakshatharan and K Dhanalakshmi, AUTO-ADAPTIVE CONTROL OF A ONE-JOINT ARM DIRECT DRIVEN BY ANTAGONISTIC SHAPE MEMORY ALLOY SMA as trajectory tracking actuator for servo control of any robotic manipulator is experimented. This angular motion control is carried out by tuning the parameters of the PID controller, which can then be used to improve the inference and implement a fuzzy adaptive PID controller, which can be used to improve the control performance of system. Further the controller performance is evaluated on an experimental system. The one joint arm manipulator is controlled through MATLAB Simulink package program via a data acquisition system.
II. ACTUATOR DESIGN
The work generation potential of antagonistic shape memory actuators is determined by specific SMA element characteristics and their assembly conditions. In this work two SMA wires are connected in antagonism to apply forces to a pulley alternatively, in opposite direction in order to track any input signal [6] as shown in Figure 1 . Based on this literature, each SMA follows the stress-strain relationships given by equations (1) and (2)
In antagonistic configuration, the strain (ε) produced by SMA 1 and 2 are related as
The resultant torque T applied by the SMA wires is given by 
where l is the length of the arc which is related to the strain of the wire by l = . Hence for any application, the angle of rotation depends on the length of the SMA actuators and the radius of the pulley. The system is designed based on the above relations. For different radius (2cm, 4cm, 6cm) the variation in the angular displacement and the torque produced are shown in Figure 2 . Lesser the radius (2 cm) it produces more angles while it introduces heating and cooling delays and creates lesser torque for the beam to track. Higher the pulley radius (6cm)
creates lesser angular displacement and creates higher torque. The optimum radius for this beam system is found to be 4cm pulley radius. Hence for any application, the angle of rotation depends on the length of the SMA actuators and the radius of the pulley. The OPA547 is internally protected against over-temperature and current overloads. In addition, the OPA547 is designed to provide an accurate, user-selected current limit. Unlike other designs which use a "power" resistor in series with the output current path, the OPA547 senses the load indirectly. This allows the current limit to be adjusted from 0 mA to 750 mA with a 0 μA to 150 μA control signal. This is easily done with a voltage-out or current-out DAC. These circuits provide current to the antagonistic SMA actuators to track the input signal and attain angular tracking of the one joint arm.
IV. MODELING AND CONTROL OF THE ACTUATOR A. Model identification
In order to obtain the most accurate dynamics of one joint arm SMA actuated manipulator modeling via system identification approach is implemented. System identification based on experimental approaches faithfully represents the dynamic characteristics of the system incorporated with smart materials, and avoid the tangled mathematic or physical models. It In order to estimate the system model, the data is divided into two parts; the first part to determine the model and the second part is applied to validate the model. where (9) . Because the proposed fuzzy self-tuning PID controller aims to improve the control performance yielded by a PID controller, it keeps the simple structure of the PID controller and it is not necessary to modify any hardware parts of the original control system for implementation. Fuzzy self-tuning of PID parameters is finding out the fuzzy relation between the three PID parameters K p, K i and K d . It examines continuously e and ̇ then tunes the three parameters with fuzzy control rules online so that the controlled objects achieve better dynamic steady performance.The structure of the self-tuning fuzzy PID controller is shown in Figure 9 where e is the error between actual position and set point and the output, is the derivation of error. The PID parameters are tuned by using fuzzy inference, which provide a nonlinear mapping from the error and derivation of error to PID parameters. 
VI. EXPERIMENTAL AND SIMULATION RESULTS
Experiments were performed to examine the angular trajectory tracking of the robotic arm using the PID control technique. To protect the SMA actuators from overheating, the applied current was limited to 210 mA. The repetitive step tracking of the arm is shown in Figure 14 .
The strain of the SMA actuator changes when it tracks the input reference signal. This motion of the arm is monitored by laser displacement sensor (Aquity AR200). Figure 15 
